Abstract: A family of Ln 2 CrO 6 (Ln = Pr, Nd, Sm-Tb) compounds has been re-investigated using powder X-ray diffraction and IR spectroscopy. 
Introduction
Layered structural motifs are common among the structures of rare-earth oxide compounds containing additional tetrahedral anions [1, 2] n+ litharge-type slabs and various anions in the interlayer space [3] [4] [5] . More complex oxyhalide derivatives such as [LnO] 4 (MO 4 )(X) (M = P or As; X = Cl or Br) are also known [6] [7] [8] [9] . Similar oxysulfates were also used as precursors for Ln 2 O 2 S-based luminescent materials [10] . Fluoride analogs of the oxide compounds were also reported, viz. [Pb 2 F 2 ](MO 4 ) (M = S, Se [11, 12] ) and, notably, a unique thiosulfate bearing slag phase of composition [Ba 2 F 2 ] (S 6+ O 3 S 2− ) [13] . Most of these structures contain tetrahedral anions centered by p-block elements (P, S, As, Se), whereas analogs involving d-block elements are rare as yet. Only several layered [Ln 2 O 2 ](MoO 4 ) compounds with the earliest rare-earths have been synthesized [14, 15] . Balestracci and Mareschal [16] reported a series of [Ln 2 O 2 ](CrO 4 ) oxide chromates obtained via the decomposition of nitrate mixtures. Their X-ray diffraction patterns were reported to differ from those of oxysulfates, but the diffractograms were not provided. Later [17] [17] , but the crystal structures could not be determined despite numerous attempts. Our recent investigations have shown that the structure determination of such compounds may be severely hampered by the observation that several sets of unit cell parameters may yield fairly similar indexing FOMs [12] . Therefore, the unit cell used initially for the structural determination of Nd 2 CrO 6 might be not the right one. This assumption is corroborated by the fact that the calculated unit cell volume of Pr 2 CrO 6 was slightly larger than that of La 2 CrO 6 thus contradicting the expectation of a volume reduction due to the lanthanide contraction. In this paper we describe the results of the successful crystal structure determination of β-Nd 2 CrO 6 ≡ β-[Nd 2 O 2 ](CrO 4 ), completed by IR spectroscopy and a study of its high-temperature X-ray behavior.
Experimental Synthesis
The Ln 2 CrO 6 (Ln = Pr, Nd, Sm, Eu, Gd, Tb) compounds were prepared via solid-state exchange reactions at 600-700 °C between LnOCl ( Vekton, Russia) and K 2 CrO 4 (Vekton, Russia) in a 2:1 molar ratio. The KCl by-product was dissolved in distilled water and the insoluble residues were dried under ambient conditions. Their PXRD patterns were in good agreement with those observed earlier [16] . The relative amounts of by-products, viz. KLn(CrO 4 ) 2 [18] , and LnCrO 3 [19] , increases with the increasing atomic number of the rare-earth cations.
Structure determination of Nd 2 CrO 6
Powder diffraction data for the structure determination of Nd 2 CrO 6 were collected on a Rigaku Ultima IV diffractometer utilizing . Note that the b parameter value is halved with respect to the previous reported one [17] . Several remaining unindexed weak reflections correspond to the trace admixtures (~1%) of NdCrO 3 [19] and KNd(CrO 4 ) 2 [18] . Their presence seems to be the reason for the earlier incorrect determination of a twice as large unit cell since the strongest reflections of NdCrO 3 mimic the doubling of the b parameter of the true Nd 2 CrO 6 unit cell. Space group assignment and Rietveld refinement were done in the JANA2006 software [20] . The structure solution prior to the Rietveld refinement (Lorentz profile function, Legendre polynomials) was done using the SUPERFLIP algorithm [21] implemented in JANA2006. In order to account for preferred orientation, the modified March-Dollase approach was applied [22] . The localization of atoms in the [Nd 2 O 2 ] 2+ slab was straightforward, whereas all Fourier maxima in the interlayer space were only half as strong as would be expected for chromium and oxygen atoms. Consequently, the chromate group was resolved as a disordered arrangement of two equally possible interpenetrating orientations (Figure 1 ). Constraints were applied on the geometry of the CrO 4 moiety. Several attempts to resolve the disorder in the doubled unit cells as reported in [4, 11] remained unsuccessful. The methods and software utilized were the same [21] as used previously for the structure determination of related layered lead compounds [12, 23] .
Unit cell parameters of the obtained isostructural Ln 2 CrO 6 compounds are listed in Table 1 . Further details of the data collection and refinement are given in Table 2 , atomic coordinates are provided in Table 3 , and selected bond lengths in Table 4 . The Rietveld refinement plot is shown in Figure 2 .
Upon closer inspection of the compounds with similar unit cell metrics and atomic arrangements it was found, surprisingly, that the atomic arrangement in Nd 2 CrO 6 corresponds closely to that of the [Ba 2 F 2 ](S 6+ O 3 S 2− ) structure [13] . In particular, the char-
is very similar to that one observed in Nd 2 CrO 6 . The structural model obtained by singlecrystal X-ray analysis and provided in [13] was successfully refined for PXRD data of Nd 2 CrO 6 and confirmed the general agreement of both structures with only one exception: The oxygen atom originating from S2 (see the designations in [13] ) was too far from Cr, so that it was blurred by the refinement, while a distinct Fourier maximum was observed at about 1.6 Å from Cr and assigned to oxygen. The correspondence between atoms in the published [Ba 2 F 2 ] (S 6+ O 3 S 2− ) and in the crystal structure of Nd 2 CrO 6 described herein is as follows: Ba ↔ Nd1, S1 ↔ Cr1, S2 ↔ O4, O1 ↔ O3, O2 ↔ O2, F ↔ O1.
IR spectra
The IR spectra ( Figure 3 ) were acquired on a Bruker Vertex 70 FTIR spectrometer for two representatives, Nd 2 CrO 6 and Gd 2 CrO 6 , which is the latest rare-earth member obtained with acceptably low amount (~5%) of by-phases.
Thermal behavior
The thermal behavior of Nd 2 CrO 6 was studied in air by means of a Rigaku Ultima X-ray diffractometer (CuKα radiation) with a hightemperature camera Rigaku HTA 1600. The sample was prepared from a heptane suspension on a Pt-Rh plate. Temperature steps of 20 °C were used in the range 25-800 °C. Unit-cell parameters at different temperatures were refined by least-squares methods. The main coefficients of the thermal expansion tensor were determined using a linear approximation of the temperature dependence by the ThetaToTensor program [24] . The evolution of the powder diffraction patterns with increasing temperature is shown 
Discussion
The present study confirms the earlier suggestion [17] that the Ln 2 CrO 6 (Ln = Pr, Nd, Sm, Eu, Gd, Tb) compounds may form layered structures (Figure 5a ). The present work has shown that the studied (Figure 4b ) and is strongest in the direction inclined ~45° relative to the plane of the [Nd 2 O 2 ] 2+ layer. The observed character of the thermal expansion is generally typical for layered structures. As described above, the Nd-O t bonds are relatively weak, thus allowing for more intensive expansion along this direction.
The IR spectrum ( Figure 3 ) shows relatively small shifts and split of the fundamental frequencies of the chromate anion. In [25] , the latter are given as ν 1 (A 1 ) = 846 cm [25] ). The latter structure is also monoclinic [18] and features two crystallographically different CrO 4 2− anions; therein, the distortions of the (Figure 3) .
To finish the discussion of the structural part, we want to stress that the choice of the correct unit cell during the indexing of powder data is essential for these compounds and requires careful evaluation until a plausible solution is obtained. [16] . All of these sulfates adopt a monoclinic structure (which we denote as M1-type) (Figure 5c ), first established for [Pb 2 F 2 ](SO 4 ) [11] . Oxide sulfates of some trivalent actinides are also known to crystallize in this structure type [28, 29] . With the larger (SeO 4 ) 2− , the M1-type structure is observed only for Ln = La and Nd [30] . Among the chromates, the M1-type is known for the La compound only. 4 2− , a tetragonal structure (T-type) (Figure 5d ) is observed for Ln = La, and probably Pr and Nd [14, 15] . Isostructural tungstates are unknown to date which can be tentatively explained by the tendency of the (WO 4 ) 2− anion to polymerize with increase of the tungsten coordination number. The largest anion in this series, (S 2 O 3 ) 2− , can reside only between the [Ba 2 F 2 ] 2+ slabs which show the largest interlayer space in the M2-type structures. The space between the litharge-type blocks is restricted by their dimensions are smaller compared to (CrO 4 ) 2− , existence of the corresponding Pr and Tb compounds seems to be less probable due to the possible transition into the higher oxidation state Ln IV (which probably occurs, to a small extent, already in Pr 2 CrO 6 and Tb 2 CrO 6 [16] ). For the proposed La 2 RuO 6 , the M2-type seems to be more probable due to the larger size of (RuO 4 ) 2− . However, synthetic approaches to obtain these compounds are yet obscure as the suggested K 2 AO 4 (A = Mn, Fe, Ru) precursors are essentially less stable compared to K 2 CrO 4 used for the preparation of β-[Ln 2 O 2 ](CrO 4 ) series reported in this contribution. Ionothermal or low-temperature melt techniques might be the most promising candidates for the preparation of these evidently metastable compounds.
